Abstract: Diffraction with asymmetric enhancement and suppression, and alternating contrast for symmetric diffraction orders is demonstrated from planar two-component optical gratings made of passive/lossy materials. Simulations agree well with the experimental diffraction pattern of the fabricated sample. Our fabrication approach uses simple, standard planar micro/nano lithography employing one photoresist and one dye. No 3D profiling is needed. The phenomena is due to the left-right asymmetric material distribution in the periodic grating, which gives rise to non-reciprocal light coupling for diffraction to the positive and negative orders. 
Introduction
Asymmetric diffraction has been traditionally achieved by using a blazed optical grating that requires a complicated surface relief [1] . Recently, based on Parity-Time (PT) symmetry photonic systems [2, 3] , it was theoretically shown that it is possible to direct all the diffracted light to positive or negative orders by a grating with PT symmetry [4, 5] . Such a PT symmetric grating requires that the refractive index modulation has a sinusoidal distribution for both the real and imaginary parts and a quarter periodicity spatial phase shift between them, which is a great fabrication challenge in practice. Balancing of gain and loss is another significant fabrication challenge, because a high value of gain is always difficult to obtain and in order to realize gain in the structure, a pumping mechanism has to be designed. In the literature, it has shown that via gauge transformations [6] , practical PT symmetry can be generalized to include structures without balanced gain and loss [7] , and even with pure loss [8] . Passive PT symmetry structures have also been demonstrated [9, 10] . Reference [11] gives a simulation for dielectric cylinders on a 2D PT symmetric honeycomb lattice and shows asymmetric diffraction for the case that the wavelength is close to periodicity. Another way to generate asymmetric diffraction without providing surface relief, is to dope a polymer with two kinds of dyes at different bleaching wavelengths in order to obtain a special phase shift of the refractive index and absorption [12] . The experiment requires two dyes matching the available lasers. Another interesting example is to impart complicated periodic phase modulation into a spatial light modulator to asymmetrically split the incident beam to just one, two, three or four targeted orders [13] . However, a phase modulator is a device that needs complex electrical controls and is not easily integrated. It would be better to simplify the material choice and employ a standard lithography process to achieve a thin planar structure that provides asymmetric diffraction.
Here we demonstrate asymmetric diffraction from a simple planar two-component optical grating. The general scheme of the structure is shown in Fig. 1 . By "two-component" we mean that two subsets of gratings compose the overall grating. Our structure corresponds to a compound one-dimensional grating with each period containing a pair of parallel grating lines belonging to the two sub gratings. The two subsets share the same thickness l and they have the same line widths (a 1 = a 2 ) but are made from different materials-one passive and the other one optically lossy. d 1 is the gap width between a 1 and a 2 , with the period p = a 1 + a 2 
Material preparation
Since we employ visible light at a wavelength of 532nm for our diffraction testing and the grating will be fabricated by UV photo lithography, SU-8 was chosen for the passive material which is readily photo-crosslinkable through UV exposure and has almost no absorption in the visible [14] .
To create the lossy material, we doped SU-8 with the dye Rhodamine B (RhB) at various weight percentages (wt%) to generate optical lossy material (SU-8:RhB). In our fabrication, the lossy grating is formed by patterning a cured SU-8:RhB film, hence it is necessary to obtain the real and imaginary part of refractive index of this film material for numerical simulation of diffraction and for comparison to experimental results. For this purpose, we measured the transmission (T) of the film, from which the absorption coefficient (α) at particular wavelength λ p can be calculated from Lambert's law:
where T(λ p ) is the transmission that can be measured by UV-VIS-NIR Spectroscopy, and l is the film thickness. From our calculated discrete values of absorption coefficients as a function of wavelength, we use the Kramers-Kronig (K-K) relation to evaluate the corresponding change in the real part of refractive index ∆n for a given wavelength λ: To prepare the SU-8:RhB films, we used SU-8 2002 with 29wt% SU-8 dissolved in cyclopentanone. Figure 2 (a) shows transmission of SU-8:RhB films as a function of the wt% of RhB, measured by UV-VIS-NIR Spectroscopy (SHIMADZU). The film thickness is about 2um, and according to Lambert's law, the calculated absorption coefficients (α) are shown in Fig. 2(b) . Figure 2(c) shows the corresponding change in the real part of the refractive index ∆n. At 532nm, with 1.5, 2.0, and 2.5 wt% RhB doping, α = 3230, 4708, and 6172 cm −1 , respectively; and the corresponding values of imaginary part of refractive index (k = αλ/4π) are 0.0137, 0.0199, and 0.0261, respectively; and thus ∆n = −0.010, −0.014, and −0.018, respectively. Since at this wavelength the refractive index of SU-8 is 1.59 + 0i, as an example, for SU-8:RhB with 2.5 wt% RhB doping, the refractive index becomes 1.572 + 0.0261i.
Simulation
We next simulate the transmission diffraction of a two-component grating by a far field calculation using the Electromagnetic Waves Frequency Domain module in COMSOL Multiphysics [15] . The structural parameters employed are p = 25um, a 1 = a 2 = 5um, l = 0.95um. We use normal incidence for all the simulations below. Fig. 3(a) , we have very strong diffraction to the −1st and −2nd orders with intensities much higher than the + 1st and + 2nd orders and indeed all the others. This is a close result to the PT symmetric grating having sinusoidal modulation as in references [4] and [5] . When the gap width increases to 1.5um, as shown in Fig. 3(b) , only the −1st order of diffraction is enhanced while the + 1st order is completely suppressed, with low diffraction intensity for all other orders. When the gap width further increases to 3.5um, as shown in Fig.  3 (c), we have not only the −1st order enhanced and + 1st order completely suppressed, but also the + 2nd order enhanced and −2nd order completely suppressed. Diffraction into the +/−1st orders and the +/−2nd orders displays alternate changes in contrast. When the gap width reaches 5um, as shown in Fig. 3(d) , the −1st and + 2nd orders are still enhanced and in addition, the −3rd order is enhanced, although the + 1st, −2nd and + 3rd orders are not completely suppressed. Note that the alternate change in contrast extends to the +/−3rd order.
Further increasing the gap width d 1 to the limit of 7.5um (because p = 25um and a 1 = a 2 = 5um) results in less and less asymmetric enhancement and suppression.
In order to see the impact of different kinds of refractive index combinations on the diffraction, we compare the situation of balanced index difference in the real and imaginary parts, to situations like asymmetric-real and symmetric-imaginary potentials; or symmetricreal and asymmetric-imaginary potentials. Figure 4 is for a sublattice gap width d 1 = 1.5um, with four panels showing four different combinations of refractive indexes. In Fig. 4(a) we use a combination of passive and lossy materials with refractive indices corresponding to 1.59 + 0i and 1.56 + 0.03i, having a balanced difference in the real and imaginary parts, giving similar results as that in Fig. 3(b) where the indices are not well balanced. In Fig. 4(b) , we use a combination of passive and lossy materials with refractive index 1.59 + 0i and 1.59 + 0.03i, which has symmetric real and asymmetric imaginary potentials. In Fig. 4(c) , we use a combination of lossy materials with refractive index 1.59 + 0.03i and 1.56 + 0.03i, which has asymmetric real and symmetric imaginary potentials. In Fig. 4(d) we use a combination of balanced gain and lossy materials with refractive indices of 1.59-0.015i and 1.56 + 0.015i. Figure 4 shows that for the structural parameters used, all four material combinations give asymmetric diffraction patterns. However, the precisely balanced gain and loss combination in Fig. 4(d) does not give the most asymmetric diffraction for the +/− 1st orders, as compared to that in Fig. 4(a) . For practical fabrication, a high gain value is difficult to obtain. Comparing the material combinations in Fig. 4(a)(b) and (c), the combination of a passive with a lossy material is the easiest way to go because it requires only one kind of photoresist and one kind of doping. Via the Kramers-Kronig relation, variation of the imaginary part of the refractive index must at the same time, change the real part. For most choices of materials, an imbalance between the real and imaginary parts results, which still gives asymmetric diffraction, as shown in Fig. 3 . However, in order to realize the combinations of symmetric real or imaginary part of refractive index, like those in Fig. 4(b) or (c), we need to have at least two kinds of photoresists, and this may introduce complications or incompatibility for fabrication.
Qualitatively, the phenomena are due to the left-right asymmetric material distribution of the periodic grating, which gives rise to non-reciprocal light coupling for diffraction to the positive and negative orders. In our results, one interesting phenomenon is that the first order diffraction is always asymmetric and not affected much at all with changes in the width of d 1 ; while the higher order diffraction orders are influenced by the width of d 1 . This is expected since the first order diffraction is mainly influenced by the periodicity, while higher order reflections depend on the finer scale structural detail. From another point of view, a smaller d1 gives more asymmetric diffraction because it makes each pair of the passive/lossy grating lines closer to the optical effects of a triangular surface relief of a blazed grating. The passive line of the two-component grating corresponds to the thicker part of the triangular relief because of its higher real part of refractive index which corresponds to a longer optical path; while the lossy line corresponds to the thinner part of the triangular relief because of its lowered real part of refractive index due to the RhB doping. Note that our planar "blazed grating" gives transmissive asymmetric diffraction, not the reflective diffraction of a traditional blazed grating. The above results are also somewhat sensitive to the thickness of the grating. The diffraction of incident 532 nm wavelength at other grating thicknesses is less interesting unless the thickness reaches approximately an integral multiple of the thickness (0.95 um), which means such asymmetric diffraction results from the interference of the scattered light whose intensity and phase are affected by the lossy material and the thickness of the grating.
Fabrication, characterization and discussion
The fabrication process for the two-component grating with passive and lossy materials is schematically shown in Fig. 5 . We fabricate the passive grating first [ Fig. 5(a) -(e)]. A triple layer thin film stack S1818/LOR/SU-8(cured) on cover glass is prepared as shown in Fig. 5(a) before the UV patterning exposure (Mask Aligner EVG 620) is made through a chrome photomask. The photomask has only one grating pattern which defines one grating line width and the overall periodicity. S1818 (from Shipley) is an UV sensitive positive tone photoresist, and LOR (from Microchem) is the lift-off resist used for making the undercut profile. S1818 is developed in solvent MF-319 and the immersion of the LOR in solvent MF-319 [ Fig. 5(b) ] gives the undercut profile for later sputter coating of Au [ Fig. 5(c) ] and the subsequent lift-off process [ Fig. 5(d) ] to produce a first Au grating on top of the cured SU-8 layer. To obtain a stable undercut, the thickness of the LOR layer is made smaller than the grating line width by further diluting the solution of LOR 30B. Then an RIE process (Oxford Plasmalab System 100), with O 2 gas 3 sccm, pressure 1mTorr, RIE power150W, and substrate temperature 10°C) is applied to vertically etch down the cured SU-8 layer to obtain the passive SU8 grating under the Au cap protection [ Fig. 5(e) ]. The etching rate was measured to be about 1 nm/s.
Immediately after the above passive grating fabrication processes, we next fabricate the lossy grating [ Fig. 5(f)-(j) ]. As shown in Fig. 5(f) , SU-8:RhB is spin coated to bury the passive grating, then is cured using flood UV exposure and post exposure bake as for the pure SU-8, but a longer bake time is needed to account for the doping level of RhB. We find that the maximum curable doping level is between 2.5 to 3 wt%. We need to fully cure the SU-8:RhB layer to avoid strong swelling or dissolution by the cyclopentanone in the LOR solution. We then image the cross section with SEM to obtain the thicknesses of the passive SU-8 grating and the cured SU-8:RhB layer, and accordingly RIE (same recipe as before) is applied to thin the SU-8:RhB layer to be the same thickness as the passive SU8 grating, so that we will have the same thickness for the two sets of gratings. After this, the LOR and S1818 layers are formed by spin coating on top of the hybrid layer which contains the passive SU-8 grating with the Au protection cap with the SU-8:RhB material in between the SU8 regions. Then a shifted UV exposure is performed on top of SU-8:RhB by a second photomask, which has a designed lateral shift to the first photomask used for the passive grating, as shown in Fig. 5(g) . After repeating the same processes of development, sputtering Au, and lift-off as in Fig. 5(b)-(d) , two sets of Au caps are formed on top as the protection of underneath layer [ Fig. 5(h) ]. The next step is RIE which etches down through the SU-8:RhB material [ Fig. 5(i) ]. Finally after Au etchant immersion and deionized water rinse, the twocomponent grating is achieved with one passive subgrating and the other lossy subgrating, as shown in Fig. 5(j) and Fig. 6(a) . An optical image of the two-component passive/lossy grating is shown in Fig. 6(a) . Periodically arranged pairs of parallel lines are obtained on the cover glass substrate, with the bright set being made of SU-8 and the pink-red set made of SU-8:RhB (2.5wt%). Figure 6 (b) is a SEM secondary electron image viewing normal to the film surface and Fig. 6(c) is the SEM cross sectional image. The periodicity is 25 um as defined by the photomask; the grating line width is about 6.10 um for the passive set and 6.35 um for the lossy set; the width of the small gap between them is about 1.30 um; and the layer thickness is approximately 0.95 um.
We next perform diffraction on the passive/lossy grating using normal incident 532 nm cw laser light (Coherent, Verdi 5). The diameter of the incident beam is about 1 mm defined by a circular aperture and the power is set at about 2 mW. An optical image of the diffraction pattern is shown in Fig. 6(d) , which reveals the strongly asymmetric diffracting ability of the fabricated grating as can be seen by examination of the diffraction intensity distribution for the +/− 1st and +/− 2nd orders. The diffraction intensity of each order can be quantified using a laser power meter, as shown in Fig. 6(e) , and the difference between +/− 1st orders is about 7.5 times, with the −1st order much stronger than all the others. Alternate contrast occurs for +/−1st and +/− 2nd orders. The inset of Fig. 6(e) shows the diffraction simulation employing the experimentally measured grating dimensions and the real and imaginary refractive index values calculated before. The agreement between experiment and simulation is quite good. For future experiments that demonstrate results from simulations, we need to address the fabrication accuracy. By current fabrication scheme, to pattern the two sub sets of gratings made of different materials, it involves two separate sets of exposure and development processes. The thickness of the spin coated S1818 layer prepared for each exposure may vary, and it will give different patterning line widths at the interface between S1818 and LOR, because UV light intensity will be different when it reaches the interface through different thicknesses of S1818. On the other hand, development of a photoresist is a wet chemical process which is not easy to precisely control. The fabrication scheme can be improved to pattern two different materials for the two sub sets of gratings at the same time, so that better control of line widths for them will be achieved. First, use a photomask defining a set of passive grating with wider line width than as needed, and the work flow can follow Fig. 5(a) -(e). Immediately after this, selectively etch away the Au protection for the passive grating, but keep those Au protection on the markers made by the first exposure for alignment in the second exposure. Then spin coat lossy material to bury the passive grating and use RIE to thin them to the same thickness. After this, a photomask that defines two sub sets of gratings with narrower line widths can be aligned. This can be guaranteed by well-designed alignment markers to align the second patterning to the first patterning. By this way, the line width for each set of grating on different materials will be well defined and can be made the same or different as needed.
Conclusion
In conclusion, we have explored diffraction from two-component polymeric optical gratings made of passive/lossy materials. We found not only strong asymmetric diffraction to one side of the diffraction orders which is comparable to that by a PT symmetric diffraction grating with sinusoidal refractive index modulation; additionally other interesting phenomena are shown, such as alternate diffraction contrast can happen for the +/− 1st, 2nd and 3rd orders by the adjustment of the gap width between the two-component grating. A fabrication scheme was proposed and realized to demonstrate asymmetric diffraction; and the experiment is in good agreement with simulation. Concerning the fabrication accuracy of grating line widths, an improved fabrication scheme is also proposed for future fabrication. For a future study, it will be interesting to extend the asymmetric enhancement and suppression of certain diffraction orders to higher ones and to achieve alternative diffraction contrast to higher orders beyond the +/− 3rd orders by more comprehensive structural design and material choice. It may be enough to use one kind or even two kinds of passive/lossy materials and simple two-component geometry design; but extending the choice of materials to gain materials and the geometry to three or four geometry components, will definitely increase the possibility in discovering new kinds of coding for diffraction patterns. Applications of our diffraction control can be in signal coding and processing where simultaneous multichannel control of optical information is desired. To make our device switchable, all is need is to fabricate each sub grating separately on a glass substrate, then assemble them face-to-face to make the two sets become a two-component grating. By fixing one substrate and using a piezo stage to move the other grating with respect to the first, the gap d 1 between the two subsets of gratings can be tuned, so that dynamic coding can be realized. This idea would be similar to the switchable mechanism in MEMS [16] .
